Although phosphinic acid (H 3 PO 2 ) has a powerful reduction potential, the reduction of silver ions by phosphinic acid salt has not yet been reported. In this work, colloidal silver has successfully synthesized by reducing silver ions in ethanol with phosphinic acid as a reducing agent. The effects of [AgNO 3 ]/[H 3 PO 2 ] ratios and reaction temperature were considered. Spherical silver nanoparticles with cubic structure were successfully prepared and their diameters were measured to be 8.5±0.9 nm -11.3±0.2 nm. Half-life analysis showed that the reduction of silver ions proceeded with the reaction order of 1.30 on concentration of phosphinic acid and activation energy of 120.7 kJ/mol.
Introduction
Over the past decades, silver nanoparticles have surfaced due to their special physico-chemical properties and wide applications in photography, catalyst, surface-enhanced Raman scattering (SERS) detection, molecular sensors, antibacterial agents, conductive pastes and inks [1] [2] [3] [4] [5] . Numerous chemical reduction methods including polyol, microemulsion, seed-mediated growth and biological synthesis have been attempted to prepare the silver nanoparticles. Stabilizers, reducing agents, and silver salts are key components in reduction of the silver ions. Formaldehyde, hydrazine, sodium borohydride, L-ascorbic acid, polyols and sugars generally silver ions in either aqueous or organic phase. Starch, cyclodextrin, gelatin, gum Arabic, methylcellulose, L-gluthathione, poly (vinylpyrrolidone) (PVP) and poly (vinyl alcohol) (PVA) are a common stabilizer to disperse the silver particles in aqueous or organic medium [6] [7] [8] [9] [10] [11] [12] . Among many techniques to prepare nano-sized silver particles, wet reduction is probably the most popular one due to simplicity, easy operation and cost-efficient. The dispersion stability, shape, size and morphology of the silver nanoparticles depend on the reactants, reactant concentrations, reaction time, reaction medium, stabilizers, and temperatures. PVP would be one of the well-known stabilizer to disperse colloidal silver particles. PVP is a homopolymer consisting with vinyl structure and pyrrolidone containing a polar amide group with hydrophilic and electron-donating properties. In case of silver nanoparticles, the protective mechanism of PVP initially started from either the donation of the lone electrons of the pyrrolidyl nitrogen to silver particles or coordination bond between N in PVP and Ag [11] [12] [13] [14] [15] . Hydrazine (N 2 H 4 ) and sodium borohydride (NaBH 4 ) are the strongest agents to reduce various metallic ions due to high redox potentials in alkaline pH. Although the phosphinic acid has a higher potential with hydrazine and sodium borohydride, reduction of common metal ions and the synthesis of the colloidal metal powders are rare except for nickel electroplating processes [16] .
In this work, the stable silver colloids are prepared by reduction of silver nitrate by phosphinic acid as a reducing agent in the presence of PVP. Experimental variables are temperatures, mass ratios of silver ions and phosphinic acid. In-situ UV-VIS measurements of the silver colloids provide the vital information on the reduction kinetics of the silver ions via acquisition of the absorbance change with time. The average diameter, crystalline structure and their morphology of silver nanoparticles are investigated by using transmission electron microscopy (TEM) and X-ray diffractometry (XRD).
Experimental
Silver nitrate (99.8%, EP grade) and ethanol (99.5%, EP grade) were purchased from Samchun Pure Chemical Co. Ltd. Aqueous phosphinic acid (50%, EP grade) and PVP were purchased from Junsei Chemical Co. Ltd. Silver colloids were prepared by simple mixing together the silver nitrate/ethanol solution with aqueous phosphinic acid. In all experiments, concentrations of silver nitrate, phosphinic acid and PVP in ethanol were 5.0·10 −3 M. In a typical experiment, 3.2 cm 3 of AgNO 3 solution was heated to 25
• C -35
• C. The most reactions were ended within 10 h. Ultraviolet-Visible (UV-VIS) spectra of silver colloids were recorded at 10 mm optical quartz cuvettes (Sarstedt, Germany) agitated with a magnetic stirrer within 300 nm -700 nm and averaged with 10 times using an S-3150 spectrophotometer (Scinco. Co. Ltd, Korea). Silver-free ethanolic PVP solutions containing aqueous phosphinic acid was a blank sample for background elimination in all experiments. Transmission electron microphotographs (TEM) were obtained from a Philips Tecnai F20 operating at 200 kV to observe silver nanoparticles. The average particle size of silver nanoparticles was calculated by image analysis of TEM microphotographs, counted up to at least 100 particles. XRD analysis of the colloidal silver was made by Miniflex (Rigaku, Japan) operating at a voltage of 30 kV and a current of 15 A with Cu K alpha radiation. Figure 1 shows TEM microphotographs taken to observe the shape and the average diameter of the silver nanoparticles prepared at different mass ratios of AgNO 3 and H 3 PO 2 at 25
Results and discussion

Synthesis of silver colloids
• C. Mass ratio of PVP and AgNO 3 was 1:1. It is shown that spherical silver nanoparticles were formed with average diameter of 9.4±0.4 nm, 11.3±0.1 nm, 11.3±0.2 nm. As H 3 PO 2 concentrations increased, the mean diameter of the silver nanoparticles was slightly increased, but the were not changed. • , 44
• , 65
• , matched well with the standard patterns of face centered-cubic structure of crystalline silver (JCPDS No. 04-0783) [9] . Fig. 3 shows the TEM microphotographs of the silver nanoparticles synthesized at different temperatures. For 25
• C, 30
• C, and 35
• C, the average diameters of silver nanoparticles were calculated to be 9.4±0.4 nm, 8.5±0.9 nm, and 9.2±0.8 nm, respectively. Decreasing temperatures induced the longer reaction time but was independent of the average diameter of silver nanoparticles. From Fig. 1 and Fig. 3 , it is clear that temperature and reactant concentration affect slightly the average diameter of the silver nanoparticles, not shape. • C and 35
• C. In this figure, the crystal structure of silver nanoparticles appears without amorphous fractions. Planar disorders of silver nanoparticles including defects and dislocations are not shown. Thin layer, probably caused by PVP, adsorption was not observed. In Fig. 5 , the formation of silver nanoparticles was directly identified by appearance of a strong sharp plasmon band at the wavelength of maximum absorbance λ max = 390 nm -422 nm. Within 10 h, the absorbances of the optical spectra were almost constant for all ratios of AgNO 3 and H 3 PO 2 . With reaction time, the resonance positions, λ max , are shown to slightly move from 412 nm -422 nm to 399 nm -406 nm. In Fig.5 , addition of more phosphinic acid solution shortened the reduction time of the silver ions but did not much change the absorbance of the silver colloids. Full width at half maximum (FWHM) of UV-VIS spectra was calculated by Lorentzian fitting and background subtraction. With reaction time, FWHM was shown to become narrow and the peak positions of wavelength to be shorter. In all UV-VIS spectra, an interesting is no shoulder peaks near the plasmon bands. These results indicate that further growth and morphological changes of sil- ver nanoparticles were not occurred. Similar observations were made at the UV-VIS absorption spectra of silver colloids prepared at various reaction temperatures in Fig. 6 .
FWHM broadening of the silver colloids could be explained by the following reasons. As shown in Fig. 1 and Fig. 3 , average diameters of the silver nanoparticles are below 15 nm. For smaller nanoparticles (less than about 52 nm for silver), the dipolar polarization contributes the optical response of the colloidal solution with a huge surface scattering process of the conduction conductions by either radiative or non-radiative damping. Therefore, surface scattering of the silver nanoparticles probably caused the broadening of the plasmon bandwidth with time [17] .
Kinetic analysis
When the silver ions reacted with H 3 PO 2 , reaction rate of the silver ions could be described as
Where [H 3 PO 2 ]/[AgNO 3 ] = β/α, n and k overall are the overall reaction order, the overall reaction constant of the silver ions, respectively. For reduction of silver ions in aqueous phosphinic acid containing PVP, overall-reaction order and reaction constant are calculated by Eq. (2) described Half-life analysis.
Half-life, t 1/2 , is defined as the reaction time needed to the concentration of silver ions dropped to one-half the original concentration hence we obtain the following [18] 
Eq. (2) represents a plot of log t 1/2 versus log [H 3 PO 2 ] giving a straight line with a slope of 1-n. Overall reaction constant, k overall , was determined by the intercept, log
Half-life, t 1/2 , was estimated by the polynomial correlation of the absorbance of the plasmonic peak at 395 nm with time. Depending on different conditions, for all UV-VIS spectra, plasmonic peaks initially appeared at 412 nm -422 nm gradually blue shifted to 395 nm -399 nm with time. Thus, we selected the absorbance of UV-VIS spectra at 395 nm as a reference position to calculate the reaction extent of silver ions. Absorbance fluctuations, less than order of 0.01 min −1 , were regarded as the completion of the reaction. Correcting for background absorbance of the UV-VIS spectra was carried out by blank sample. For 1:1 -1:4 of AgNO 3 and H 3 PO 2 at 25
• C, half-life was estimated to be 410.1 min, 126.2 min, 69.4 min. As shown in Fig. 7 
Dependence of overall reaction constant, k overall , with reaction temperature could be described by a linear Arrhenius law denoted as Where A is a pre-exponential factor, E activation is the activation energy for the reduction of silver ions in J/mol, R is the gas constant in J/(mol·K), T is the reaction temperature in K. Linear regression of the overall reaction constant against temperature gives the activation energy and pre-exponential factor from Eq. (4). Overall rate constant for each temperature could be calculated from Eq. (2) Fig. 8 . The slope was found to be E activation /R = -14522. 3 . The activation energy, was found to be 120.7 kJ/mol. The endothermic reduction of silver ions occurred in the mixtures of ethanol containing phosphinic acid. 
Conclusions
UV-VIS optical spectra clearly showed the silver nanoparticles were formed in aqueous ethanol containing phosphinic acid with PVP as a stabilizer. X-ray diffraction patterns revealed that the crystalline structure of the silver nanoparticles was face-centered cubic. According to TEM microphotographs, crystalline silver nanoparticles were formed in the range of be 8.5±0.9 nm -11.3±0.2 nm. By half-life analysis, the reaction order of the silver ions was 1.30 with the activation energy of 120.7 kJ/mol. In the optical spectra of the silver colloids, the resonance peaks slightly shifted toward shorter wavelength with narrowing the line-width. As predicted by Drude's free-electron model, for the very small nanoparticles less than 52 nm, the mean free path limitation causes the blue-shifts of the resonance peaks and the broadening of FWHM with decreasing size because of surface scattering of the conduction electrons.
